This study aims to present a joint operation framework for complex multiple reservoir systems to balance water supply between subsystems and between different stakeholders, and support decisions about water releases from the entire system and individual reservoirs effectively. The framework includes three steps: (1) aggregated virtual reservoirs and various subsystems are established to determine the water releases from the entire system; (2) the common water-supply strategy is identified to determine the water releases from individual reservoirs; and (3) the joint operation problem is solved with a multi-objective optimization algorithm and the results are analyzed using a Many-Objective Visual Analytics Tool (MOVAT). A case study of the DaHuoFangGuanYinGe-ShenWo multi-reservoir system in northeastern China is used to demonstrate the framework. Results show that the establishment of aggregated virtual reservoirs and identification of a common water-supply strategy could make use of the temporal and spatial differences of runoff, exert the effects of underlying hydrological compensation between river basins, and reduce the complexity of the joint operation model for multiple reservoir systems effectively. The MOVAT provides an effective means of solving many-objective problems, which are generally of particular concern to the decision-maker in practice.
This paper aims to present a joint operation framework for the complex multiple reservoir system to derive the optimal releases from the entire system and each individual reservoir. The DHF-GYG-SW multi-reservoir system, which consists of DaHuoFang reservoir (DHF), GuanYinGe reservoir (GYG) and ShenWo reservoir (SW), is used as a case study. After establishing aggregated virtual reservoirs and identifying the common water-supply strategy, a joint operation problem for the complex multiple reservoir system is built and solved with a multi-objective optimization algorithm, i.e., ε-NSGAII (Kollat & Reed ) , to obtain approximate Pareto optimal solutions. Many-objective visual analytics (Kasprzyk et al. ; Fu et al. ) are used to explore the tradeoffs between conflicting objectives, and provide an understanding of the derived optimal releases. Multi-objective analysis is demonstrated as one way forward to address the challenges identified in optimal operation of multi-reservoir systems, particularly in revealing and balancing the conflicts between different stakeholders.
MATERIAL AND METHODS

Study area
The DHF-GYG-SW multi-reservoir system is located in the Huntai basin, which is a rapidly urbanizing region of northeast China (Figure 1 ).
The DHF-GYG-SW multi-reservoir system was built mainly for the purposes of industrial water supply, agricultural water supply and environmental water supply. In particular, the environmental water demand should be satisfied fully according to regulations (Zhu et al. ) . The multi-reservoir operation system has many features and challenges typical of real-world reservoir systems. The reservoir characteristics, annual average inflow, water-supply tasks, operation rules, inflow and water demand data used in this study are provided in the Supplementary Material (available in the online version of this paper).
Aggregated virtual reservoirs
The aggregation-disaggregation approach, which aggregates multi-reservoir systems into a virtual reservoir for making decisions on water supply, could reduce the dimension and computational complexity, and is regarded as an efficient way to perform joint scheduling for a multi-reservoir system ( Similarly, the reservoirs DHF, GYG and SW are aggregated into another virtual reservoir (XN-3).
Common water-supply strategy
Another step in using the aggregation-disaggregation approach is disaggregation, which indicates the amounts of water to be released from each reservoir and is related to the common water-supply strategies.
In reservoir XN-2, GYG and SW are reservoirs in series, and SW is located downstream of GYG. The active capacity and storage coefficient of GYG are about 2.7 times and 3.6 times those of SW, respectively, when inflow into GYG is less than that into SW. The Water Storage Rule could be employed for the common water supply of the XN-2 reservoir. However, due to the separate demands of GYG, GYG cannot recharge SW unrestrictedly, and the Water Storage Rule is modified by adding the limit curve of supply in the GYG reservoir to avoid oversupply. XN-2 is combined with DHF in parallel to make reservoir XN-3, which supplies water to the SCH-DLHK interval. The water supply of XN-3 should be distributed to XN-2 and DHF. We adopted the common water-supply strategy in which the total water supply is distributed to each reservoir proportionally to its expected inflow plus current storage minus separate demand. The proportion of water-supply distribution is calculated using
where S i,t is the initial water storage of reservoir i at the beginning of period t; I i,t is the inflow into reservoir i during the period t; SD i,t is the separate demand of reservoir i at the beginning of period t; N is the number of reservoirs assuming common water supply. 
RESULTS AND DISCUSSION
Because of the random nature of genetic algorithms, eight random seed runs were used to find the Pareto-optimal solutions. For each random seed, the algorithm was run for one million evaluations. Visual analysis showed that beyond one million evaluations there was little improvement in the Pareto approximate sets attained. The Pareto approximate set analyzed in this study was generated across all seed runs. The global view of the tradeoff surface is provided in the Supplementary Material (available in the online version of this paper).
Tradeoffs among subsystems and the entire system
The Pareto approximate set obtained from the full fourobjective problem contains all of the solutions for the subproblems, i.e., three three-objective optimization problems, six two-objective problems, and four single-objective problems. This allows the analysis of the solution sets from lower-dimensional problem definitions with the results from the full four-objective optimization.
The tradeoffs between subsystems and the entire system are shown in Figure 2 . In Figure 2 (a), both the tradeoffs and positive correlation between SIA and WSP can be observed.
As water shortage indices, SIA, SIB and SIC increase with the decrease of water for different subsystems. As mentioned above, Sub-A is supplied only by DHF, and Sub-C is the common water-supply target of DHF and XN-2 reservoirs.
First, when SIA is smaller than 0.41, more water in DHF is supplied to Sub-C with the increase of SIA, i.e., a larger common water-supply task is assigned to DHF to decrease SIC and WSP. As a result, a clear tradeoff curve between SIA and WSP can be observed, and the approximate Pareto front is highlighted with red squares. Additionally, when SIA is smaller than 0.41, other solutions, which are not in the tradeoff curve, are also close to this curve, indicating a strong negative relationship between Sub-A and the entire system. Second,
when SIA is larger than 0.41, especially larger than 0.56, which is marked in Figure 2 (a), more water supplied to Sub-C by DHF could decrease SIC less with the continuous increase of SIA because Sub-C has been satisfied to a large extent. As a result, DHF will spill more water, which leads to an increase in WSP, that is, the two objectives of SIA and WSP present a positive correlation. Thus, the obtained tradeoffs between Sub-A and the entire system are reasonable.
In Figure 2 to obtain S5 with traditional optimization tools because it cannot be intersected by any two-objective tradeoff curves.
Therefore, many-objective visual analytics provided an efficient means of solving the many-objective problem, which is generally of particular concern to the decision-maker in practice.
CONCLUSIONS
This paper takes a DHF-GYG-SW multi-reservoir system as an example to present a joint operation framework for the complex multiple reservoir system. With the hierarchical establishment of virtual aggregate reservoirs and identification of a common water-supply strategy, the complexity of the joint operation problem for multiple reservoir systems is reduced, and it is solved with a multi-objective optimization algorithm, i.e., ε-NSGAII. Through the analysis of the tradeoffs among different subsystems and tradeoffs between each subsystem and the entire system using a Many-Objective Visual Analytics Tool (MOVAT), the optimal releases from the system and each reservoir are derived to provide decision support for real-world engineering projects. Results show that the common water-supply strategy in the framework could make use of the temporal and spatial differences of runoff and the underlying hydrological compensation between river basins. Many-objective visual analytics provide an efficient means of solving many-objective problems, which are generally of particular concern to the decision-maker in practice. Therefore, the framework presented in this paper can assist in solving complex decision-making problems in joint operation of the multiple reservoir system.
